Cadmium (Cd) is a toxic heavy metal that impairs the development of hematopoietic stem cells (HSCs) in mice, yet the mechanism of how Cd influences HSC remains elusive. Herein, we show that Cd activated non-canonical Wnt signaling pathway to impair HSC function in mice. After exposure to 10 ppm Cd chloride (CdCl 2 ) via drinking water for 3 months, C57BL/6 mice displayed aberrant HSC function, in that HSC from Cd-treated mice were less efficient in rescue of lethally irradiated hosts and less competitive under mixed chimeric condition. Further analyses indicated that the small GTPase cdc42 was activated and its distribution pattern was depolarized in HSC by Cd exposure, and inhibition of cdc42 by casin, a selective chemical inhibitor, recovered the HSC capacity in rescue assay and their potential for lymphopoiesis under competitive mixed chimeric assay. Cd interaction with HSC was sufficient to promote noncanonical Wnt signaling pathway, but not canonical Wnt signaling pathway, to drive cdc42 activation and further increase the expression of C/EBPa and decrease the expression of Hhex. Moreover, Cd-induced activation of non-canonical Wnt signaling pathway in HSC did not persist long-termly in the presence of a normal niche without Cd, in that the elevated non-canonical Wnt signaling by Cd was diminished in HSC in the BM of normal recipients receiving purified HSC from Cd-treated mice after 6 months posttransplantation. Taken together, our study suggests that Cd activates cdc42 of noncanonical Wnt signaling pathway to impair HSC function, a previously unknown mechanism for Cd toxicity on HSC.
are physiologically required. Based on the property of HSC, theoretically a few HSC are sufficient to expand to generate the whole blood cells for a lethally irradiated host whose immune system had been completely eradicated. In addition to hematopoiesis, HSC are also suggested to be involved in other physiological processes. For instance, it was reported that young bloods were able to rejuvenate the aging brain to a certain extent (Villeda et al., 2014) . On the other hand, abnormal HSC are associated with numerous hematopoietic diseases. For instance, insufficient HSC differentiation may lead to anemia; mutated or congenital aberrant HSC may contribute to leukemia or autoimmune diseases (Ben Nasr et al., 2016; Bowman et al., 2018; Maciejewski and Risitano, 2003) . Therefore, proper function of HSC is essential for maintaining live vitality. HSC are sensitive to a variety of internal or external factors, which may influence HSC directly by interactions with HSC and/or indirectly by modulations of the niche (McCabe et al., 2015; Takizawa et al., 2017) . It has been shown that intrinsic Wnt signaling is crucial for regulating HSC function (Staal et al., 2016) . The canonical and noncanonical Wnt signaling pathways in HSC of mice are through Wnt3a-mediated b-catenin signaling and Wnt5a-activated cdc42 signaling, respectively; functionally, canonical Wnt signaling drives HSC proliferation to maintain the number of HSC, while noncanonical Wnt signaling impairs HSC function and skews toward myelopoiesis (Florian et al., 2012 (Florian et al., , 2013 Knapp et al., 2017; Li et al., 2013; L opez-Ruano et al., 2015; Nemeth et al., 2007) .
Although numerous studies have been performed to investigate how HSC are regulated physiologically, accumulated evidences suggest that environmental factors might significantly influence HSC (Garaycoechea et al., 2018; Zhang et al., 2016) . As a known toxicant to immune system, Cd is confirmed to influence immune cell development. For instance, one study showed that prenatal exposure to Cd affected thymic T-cell development in mice . In addition to direct tests on Cd effects on immune cell development, a variety of studies have indicated that Cd influenced the number of mature immune cells, although the process is likely complex Holaskova et al., 2012; Lafuente et al., 2003 Lafuente et al., , 2004 . As all immune cells originate from HSC in the BM, the aforementioned effects of Cd on immune cells suggest that Cd may potentially affect HSC. Nevertheless, relative to the good number of studies that have been performed to investigate Cd influences on mature immune cells, there have been few studies that directly tested the effects of Cd on HSC. Previously, we reported that environmentally relevant Cd exposure significantly influenced HSC in the BM of mice, in that Cd-impaired HSC niche and increased the number of HSC in the BM, and functionally, Cd-impaired stemness of HSC and increased myelopoiesis at the expense of lymphopoiesis . However, to date, how Cd influences HSC remains unclear.
In this study, we investigated the molecules for Cd influence on function of HSC. We found that Cd activated non-canonical Wnt signaling, namely Wnt5a-cdc42 signaling pathway, to impair HSC function in mice. These findings may advance our current understanding of Cd toxicities for the immune system.
MATERIALS AND METHODS
Mice and Cd treatment. A 6-to 8-week-old wild-type (WT) C57BL/6 (B6) mice were purchased from Shanghai SLAC Laboratory Animal Co. LTD, China. Enhanced b-actin-driven enhanced green fluorescent protein (GFP) transgenic mice with B6 background were obtained from Shanghai Research Center For Model Organisms, China. Mice were housed in a specific pathogen free animal facility with controlled temperature, humidity and an artificial 12-h light on-off switch at Fudan University. A total of 4-5 mice were housed per cage with free access to food and water. Both males and females were equally used. Mice were treated with 10 ppm Cd chloride (CdCl 2 ) via drinking water provided ad libitum for 3 months; regular drinking water was provided for control mice, as we previously used . Of note, the reported lethal dose 50 of Cd by oral gavage administration to mice for acute toxicity was about 187 mg/kg body weight , which was much higher than the dose used in this study. Under our condition, the blood Cd concentration of mice (about 4 lg/l) was slightly higher than the average level of blood Cd in general population but lower than that of humans occupationally exposed to Cd (Bulat et al., 2009; Kim et al., 2017b; Osada et al., 2011; Palus et al., 2003; Zhang et al., 2016) , and therefore the dose of Cd in this study was environmentally relevant and comparable to that of human exposure. In addition, the dose of Cd used here did not cause alteration of malignancy in the BM of mice . All mice were sacrificed with minimal suffering in all experimental assays. Fudan University Animal Care and Use Committee approved this work.
Casin and Wnt5a treatments. Casin (CAS No. 425399-05-9, MedChemExpress, Monmouth Junction, New Jersey) was dissolved in dimethyl sulfoxide (DMSO). For in vivo assessment, Cd-treated mice were intraperitoneally injected with 10 mg/kg casin or DMSO every other day 1 weekk before sacrifice; control mice were equally treated with DMSO as vehicle control. A total of 30 control WT mice, 53 Cd-treated WT mice, and 8 Cd-treated GFP mice were used. For in vitro casin use, fluorescence activated cell sorting (FACS)-purified HSC (lineage [Lin] [B220, CD3, Gr.1, CD11b, and Ter119]
þ ) were cultured with stem cell medium (STEMCELL Technologies, Canada) in the presence of 5 lM casin at 37 C and 5% CO 2 for 16 h; the same volume of DMSO was used as vehicle control. A total of 26 control WT mice and 18 Cd-treated GFP mice were used. For in vitro Wnt5a protein use, FACS-purified HSC from the BM of control mice were cultured with stem cell medium in the presence of 50 nM mouse Wnt5a protein (R&D Systems, Minneapolis, Minnesota) at 37 C and 5% CO 2 for 24 h; the same volume of PBS was used as vehicle control. A total of 5 control WT mice were used in this experiment.
In vitro Cd treatment of HSC. For in vitro Cd treatment of HSC, FACS-purified HSC from the BM of control mice were cultured with stem cell medium in the presence of 5 lg/l Cd 2þ in the form of CdCl 2 at 37 C and 5% CO 2 for 24 h; the same volume of PBS was used as vehicle control. A total of 5 control WT mice were used in this experiment.
Rescue assay. Recipient mice were treated with 1 g/l neomycin via drinking water for 1 week before receiving lethal irradiation (5 þ 5 Gy with an 5-h interval) as we previously reported in Li et al. (2018) and Zhang et al. (2016) . Thereafter, 100 live HSC freshly sorted from the BM of test mice were intravenously injected into each lethally irradiated recipient. After transplantation, the recipient mice were constitutively provided with neomycin for another 4 week, and survival curve of recipient mice were recorded up to 7-week posttransplantation. A total of 58 control WT mice were used as recipient mice; a total of 12 control WT mice, 12 Cd-treated WT mice, and 6 Cd-treated WT mice with casin intervention were used as donors. Single cell suspensions were prepared from the BM (femur and tibia), spleens and peripheral bloods of test mice, and erythrocytes were lysed with an ammonium-based buffer. The numbers of cells were quantified with an automatic cell counting instrument (Nexcelom, Lawrence, MA). Surface staining was performed by incubating live cells with fluorescein-conjugated antibodies on ice in dark for 30 min; Fc block was used before surface staining if necessary. Intracellular and nucleus staining were performed after surface staining. Intracellular staining and nucleus staining kits were purchased from BD biosciences, and protocols were following the manufacturer's instructions. After staining, the cells were analyzed with BD LSRFortessa and data were analyzed with FlowJo. A total of 33 control WT mice, 36 Cd-treated WT mice, and 33 chimeric mice were used in flow cytometry assays.
mRNA quantification. The expression of mRNA for C/EBPa, Hhex, and IFNc in FACS-purified HSC from the BM of Cd-treated and control mice with or without casin intervention in vivo was determined with fluorescent quantitative PCR assays (Thermo Scientific, Waltham, Massachusetts). b-actin content was used as the internal reference for each sample. The forward and reverse sequences of primers for C/EBPa were 5'-CGCCTTC AACGACGAGTTCC-3' and 5'-TAGTCAAAGTCACCGCCGCCAC-3', respectively (Xu et al., 2007) ; the forward and reverse sequences of primers for Hhex were 5'-TCAGAATCGCCGAGCTAAAT-3' and 5'-CTGTCCAACGCATCCTTTTT-3', respectively (Ferreira et al., 2015) ; the forward and reverse sequences of primers for IFNc were 5'-TGAACGCTACACACTGCATCTTGG-3' and 5'-CGACTCCT TTTCCGCTTCCTGAG-3', respectively (Hein et al., 2001) ; the forward and reverse sequences of primers for b-actin were 5'-TGGAATCCTGTGGCATCCATGAAAC-3' and 5'-TAAAACGCAG CTCAGTAACAGTCCG-3', respectively (Hein et al., 2001) . A total of 9 control WT mice, 15 Cd-treated mice, and 15 Cd-treated mice with casin intervention were used.
Statistics. Data between test group and the counterpart control group were compared using a Student's t test. Survival curves were compared using a log-rank (antel-Cox) test. A p < .05 was considered to be the level of a significant difference.
RESULTS

Cd Impaired Function of HSC in the BM
Although Cd increased the number of HSC in the BM, Cd impaired HSC function characterized by promoting myelopoiesis while suppressing lymphopoiesis . Accordingly, the number of lymphocytes (B cells and T cells) was reduced while the number of myeloid cells (monocytes and neutrophils) was increased in the peripheral bloods of mice by Cd exposure ( Figure 1A ). HSC are able to generate the whole blood system to rescue hosts with eradicated immune system (Frasca et al., 2000; MacNamara et al., 2011) . We purified HSC (gated on Lin [B220, Gr.1, CD11b, CD3, and Ter119]
) from the BM of Cd-treated and control mice and tested their ability to rescue the lethally irradiated recipients ( Figure 1B ). As shown in Figure 1C , Cd significantly impaired the ability of HSC to rescue lethally irradiated hosts. To directly compare the HSC function of Cd-treated and control mice, we generated competitive mixed chimeric mice to test HSC by evaluating their potential to differentiate into mature cells under an identical microenvironment ( Figure 1D ). After 4 months posttransplantation, the numbers of mature cells in the BM (B cells, monocytes and neutrophils) and spleen (B cells, T cells, monocytes, and neutrophils) differentiated from the HSC originated from Cd-treated mice were fewer relative to those from the HSC originated from control mice (Figs. 1E and 1F) .
Collectively, these data demonstrate that Cd significantly impaired HSC function in the BM of mice.
Cd Increased cdc42 Activation and Depolarized the Distribution of cdc42 and a-Tubulin in HSC cdc42 is a small GTPase crucial for HSC function in mice (Florian et al., 2012; Geiger and Zheng, 2014) . cdc42 is more activated in HSC of aged mice that are characterized by increased number of HSC, enhanced myelopoiesis and less competitiveness relative to young mice (Florian et al., 2012 (Florian et al., , 2013 , a feature resembling mice by Cd exposure . Therefore, we measured cdc42 activation (cdc42-GTP) in HSC of BM by Cd exposure. As predicted, Cd treatment increased the level of activated cdc42 expression ( Figs. 2A and 2B ). In HSC, activation of cdc42 leads to alteration of cdc42 distribution from polarized pattern to unpolarized pattern (Florian et al., 2012) . Accordingly, confocal imaging assay revealed that cdc42 distribution in HSC was polarized in control mice, and cdc42 became evenly localized around the nuclei of HSC in Cd-treated mice ( Figure 2C ). In addition, it has been shown that cdc42 activation results in a-tubulin in HSC from polarized pattern to unpolarized pattern (Florian et al., 2012) . Further analyses indicated that Cd treatment also converted a-tubulin distribution in HSC from polarized pattern to unpolarized pattern ( Figure 2D ). Thus, Cd activated cdc42 and transformed cdc42 distribution in HSC of BM in mice.
In Vivo Casin Treatment Restored Cd Impaired HSC Function in Rescue Assay and Lymphopoiesis Potential under Competitive Mixed Chimeric Assay
In physiological state, cdc42 activation and unpolarized distribution in HSC of aged mice can be reversed by casin, a selectively inhibitor for cdc42 (Florian et al., 2012) . Using in vivo treatments of HSC by casin as indicated in Figure 3A , we tested whether casin could reverse Cd-induced unpolarized distribution of cdc42 and a-tubulin. Relative to Cd-treated mice, Cdtreated mice receiving casin had polarized cdc42 distribution in HSC, a pattern similar to control mice ( Figure 3B ). In addition, casin treatment of HSC restored the unpolarized a-tubulin distribution by Cd exposure ( Figure 3C ). Therefore, casin was able to recover the unpolarized distribution of cdc42 and a-tubulin by Cd exposure.
As cdc42 activation functionally impairs HSC stemness (Florian et al., 2012, 2013) , we investigated whether inhibition of cdc42 by casin in vivo could restore the impaired HSC function by Cd through rescue assay and competitive mixed chimeric assay. In rescue assay ( Figure 3D ), relative to control mice, Cd-treated mice had less efficiency of HSC in rescue of lethally irradiated hosts; in vivo treatment of mice with casin significantly restored the impaired function of HSC by Cd ( Figure 3E ). In competitive mixed chimeric assay ( Figure 3F ), compared with these of control mice, HSC from Cd-treated mice had reduced potential to differentiate into myeloid cells (monocytes and neutrophils) and lymphoid cells (B and T cells) in the BM ( Figure 3G ) and/or spleen ( Figure 3H) ; in vivo treatment of mice with casin significantly recovered the potential of HSC for generating lymphoid cells but not myeloid cells in the BM ( Figure 3G ) and spleen ( Figure 3H ). These data suggest that Cd activated cdc42 to impair HSC potential for lymphopoiesis.
Casin Direct Interaction With HSC Restored Cd Impaired HSC Potential for Lymphopoiesis Under Competitive Mixed Chimeric Assay As in vivo treatment of casin partially improved HSC function, we sought to test whether casin direct action on HSC had similar effect. Using in vitro treatment of HSC with casin as indicated in Figure 4A , purified HSC from Cd-treated mice and control mice had unpolarized and polarized distribution of cdc42 and a-tubulin, respectively, and in vitro casin treatment of purified HSC from Cd-treated mice regained polarized distribution of cdc42 and a-tubulin for HSC (Figs. 4B and 4C) .
We next tested whether casin direct action on HSC could restore their function for generating mature immune cells. To test this, HSC were purified from Cd-treated and control mice and then treated with casin in vitro prior to transplantation into lethally irradiated recipients ( Figure 4D ). Like the effects of in vivo casin treatment on Cd-treated mice, under competitive mixed chimeric condition, casin direct interaction with HSC also significantly restored the HSC potential for lymphopoiesis (B and T cells), but not myelopoiesis (monocytes and neutrophils) in the BM ( Figure 4E ) and spleen ( Figure 4F ). These findings indicate that direct inhibition of cdc42 in HSC was sufficient to restore the impaired HSC function in lymphopoiesis by Cd exposure.
Cd Activated Noncanonical Signaling Pathway Rather Than Canonical Signaling Pathway in HSC cdc42 activation in HSC is mediated by Wnt5a, and this pathway is recognized as noncanonical Wnt signaling pathway for HSC (Florian et al., 2012 (Florian et al., , 2013 . Because cdc42 activation in HSC was increased by Cd exposure, we asked whether noncanonical Wnt pathway in HSC was activated by Cd. After Cd treatment of mice, HSC in the BM had increased surface expression of Wnt5a compared with those of control mice ( Figure 5A ). As Cd promoted myelopoiesis at the expense of lymphopoiesis , we sought to identify the downstream key factors in the noncanonical Wnt signaling pathway that affected HSC differentiation fate. We found that the mRNA expression of C/ EBPa, a transcription factor essential for myelopoiesis (Avellino and Delwel, 2017) , was increased in HSC after Cd treatment, and the up regulation could be restored by casin treatment ( Figure 5B ). On the other hand, the mRNA expression of Hhex, a transcription factor crucial for lymphopoiesis (Jackson et al., 2015) , was suppressed in HSC by Cd exposure, and the reduction was restored by casin ( Figure 5C ). Different from the noncanonical Wnt signaling pathway, the canonical Wnt signaling pathway tests indicated that Cd treatment did not influence surface expression of Wnt3a ( Figure 5D expression of IFNc, a potential downstream molecule in canonical Wnt signaling pathway of HSC (Sugimura et al., 2012) , was not significantly affected by Cd exposure ( Figure 5F ). To test whether cdc42 was activated directly by Wnt5a and/or Cd, HSC were purified from control mice and then cocultured with Wnt5a protein or Cd for testing cdc42 activation ( Figure 5G ). As shown in Figure 5H , Wnt5a protein or Cd treatment increased active cdc42 expression in HSC in vitro. Taken together, Cd was likely able to directly interact with HSC to promote Wnt5a expression to activate cdc42, thus causing increased C/EBPa and reduced Hhex to promote myelopoiesis at the expense of lymphopoiesis.
Cd Phenotypically Increased Expression of CD150 in HSC
The functional tests for Cd influence on HSC took time, and therefore we sought to explore a phenotypic marker for Cd impaired HSC. In mice, HSC are characterized by expressing CD150 (Kiel et al., 2005; Oguro et al., 2013 . Thus, we measured CD150 expression in HSC of BM during Cd exposure. As predicted, Cd upregulated CD150 expression in HSC of BM, resulting in more CD150 hi HSC and fewer CD150 low HSC (Figs. 6A and 6B ). Moreover, after in vivo casin treatment of mice ( Figure 6C ), the increased percentage of CD150 hi HSC by Cd exposure was restored to that of control mice (Figs. 6D and 6E) . Therefore, upregulation of CD150 expression in HSC might be used as a potential phenotypic marker for Cd impairment on HSC in mice.
Cd Influences on HSC Were Restored in Normal Hosts Without Cd After Long-Term Period Posttransplantation
The microenvironment in the BM named niche is crucial for maintaining HSC function (Crane et al., 2017) . As we observed that Cd impaired HSC function likely through a direct interaction, we finally tested whether the Cd influences on HSC could be restored by a normal niche in the absence of Cd. To test this, we purified HSC from the BM of Cd-treated and control mice and transplanted them into lethally irradiated normal hosts without Cd treatment ( Figure 7A ). After 6 months posttransplantation, HSC derived from Cd-treated mice had comparable Briefly, HSC were sorted from the BM of control mice, and thereafter the HSC were treated with Cd, Wnt5a protein or vehicle control. After incubation for 24 h, activated cdc42 was measured. H, Intracellular expression of cdc42-GTP in HSC as indicated in (G). For (A, D, and E), each dot represents 1 mouse, and at least 5 mice were used for each group. For (B, C, and F), 3-5 mice were used for each group. For (H), each dot represents 1 sample, and 8 samples were used for each group. Asterisk indicates a significant difference compared with the counterpart control. n.s. indicates no significant difference as indicated.
surface expression of Wnt5a relative to these from control mice ( Figure 7B) ; HSC derived from Cd-treated mice also had similar level of intracellular cdc42 activation relative to these from control mice ( Figure 7C ). Moreover, different from Cd-treated mice with a skewing toward myelopoiesis , hosts receiving HSC from Cd-treated mice had similar myeloid cells (monocytes and neutrophils) and lymphocytes (B and T cells) in the BM ( Figure 7D ) and spleen ( Figure 7E ), compared with hosts receiving HSC from control mice. Therefore, the impaired function of HSC by Cd could eventually be restored by a normal microenvironment in the BM in the absence of Cd.
DISCUSSION
This work revealed that noncanonical Wnt signaling pathway activation was crucial for HSC impairments during Cd exposure, a previously unknown mechanism for Cd toxicity on hematopoiesis.
Previously, we reported that although Cd impaired the niche in the BM for HSC, Cd interaction with HSC, but not Cd-impaired niche function, was dominant for hematopoiesis during Cd exposure . In this study, the tests of purified HSC in rescue assay and competitive mixed chimeric assay demonstrated that Cd significantly impaired HSC function. One pivotal trait of hematopoiesis during Cd exposure was that Cd promoted myelopoiesis while suppressing lymphopoiesis , which was similar to an aged immune system (Chinn et al., 2012; Snoeck, 2013; Wang et al., 2011) . cdc42, a small GTPase that is active in the form of binding to GTP and inactive in the form of binding to GDP, is more activated in aged mice than in young mice (Florian et al., 2012 (Florian et al., , 2013 Melendez et al., 2011) . Functionally, over activation of cdc42 was reported to be crucial for promoting myelopoiesis at the expense of lymphopoiesis in aged mice (Florian et al., 2012) . In this process, the characteristic of morphological alteration was that the distribution of cdc42 was conversed from polarized pattern to unpolarized pattern in HSC; in addition to cdc42, the distribution of a-tubulin, a component of microtubules for cytoskeleton, was also switched from polarized pattern to unpolarized pattern in HSC (Florian et al., 2012 (Florian et al., , 2013 . It is now clear that the distribution of a-tubulin was determined by cdc42 activation in HSC (Florian et al., 2012) . As crucial molecules for non-canonical Wnt signaling pathway in HSC of mice (Florian et al., 2013) , both Wnt5a expression and cdc42 activation in HSC of BM were increased by Cd exposure, indicating that non-canonical Wnt signaling pathway was activated. It has been shown that activation of noncanonical Wnt signaling pathway in HSC leads to increased myelopoiesis and less competitiveness under mixed chimeric assay, with mechanism that has not been fully addressed (Florian et al., 2012 (Florian et al., , 2013 Geiger and Zheng, 2013) . Nonetheless, we found that Cd increased the expression of C/ EBPa, a factor promoting myelopoiesis (Avellino and Delwel, 2017) , while reducing that of Hhex, a factor driving lymphopoiesis (Jackson et al., 2015) , in HSC by Cd exposure, and more importantly, these alterations were diminished in the presence of casin. Thus, it is possible that non-canonical Wnt signaling in HSC activated by Cd promoted myelopoiesis at the expense of lymphopoiesis via increase of C/EBPa and suppression of Hhex. Functional tests of HSC by Cd exposure also support that Cd-impaired HSC function through activating noncanonical Wnt signaling pathway but not canonical Wnt signaling pathway, in that implications of the specific cdc42 inhibitor casin significantly restored the HSC ability in rescue assay and potential for lymphopoiesis under competitive mixed chimeric assay, while HSC proliferation was not affected by Cd exposure as we previously reported in Li et al. (2018) . In term of Cd interaction with HSC, it is likely that Cd directly acted on HSC in the BM. As Cd was detectable in the BM of mice as we previously reported in Zhang et al. (2016) , it is spatially possible for Cd to interact with HSC. More importantly, the in vivo and in vitro treatments of Cd on HSC had similar effects, in that both treatments activated cdc42 of HSC. In addition, although BM cells are comprised of numerous types of cells, treatment of Cd on purified HSC in vitro increased cdc42 activation, indicating that Cd direct interaction with HSC was sufficient to activate cdc42. CD150 belongs to a member of signaling lymphocytic activation molecule family that has been widely used as a marker for identifying HSC in the BM of mice (Kiel et al., 2005; Kim et al., 2017a; Sheikh et al., 2016) . Although HSC are characterized by their expression of CD150, functional tests have shown that CD150 hi HSC are less competitive and more prone to myelopoiesis relative to CD150 low HSC (Beerman et al., 2010) . In this study, we observed that the functional impairment of HSC by Cd exposure was associated with elevated expression of CD150 in HSC. Therefore, the increased CD150 expression of HSC might be used as a phenotypic marker for HSC impairment in the BM by Cd exposure. HSC function is crucially dependent on the niche, the microenvironment comprised of multiple types of cells including osteoblasts, macrophages, endothelial cells and mesenchymal stromal cells, etc., in the BM that maintains the stemness of HSC (Crane et al., 2017) . Both niche cells and HSC can produce various Wnt proteins including Wnt5a, a protein considered to be the major activator for noncanonical Wnt signaling in HSC; therefore, normal niche cells can also maintain the activation of non-canonical Wnt signaling in HSC to some extent by producing Wnt5a (Florian et al., 2012; Schreck et al., 2014) . Transplantation of HSC from Cd-treated mice to normal hosts restored the over activated noncanonical Wnt signaling and their bias to myelopoiesis at 6 months postreconstitution, demonstrating that the normal niche had recovered HSC function by Cd exposure. It is likely that it was Cd in the niche of Cdtreated mice acted directly on HSC to drive activation of noncanonical Wnt signaling. However, when the HSC in Cd-treated mice were transplanted into normal mice, the HSC resided in a niche that had no Cd any more, and therefore the HSC did not receive additional activation signal for noncanonical Wnt signaling pathway that was previously provide by Cd any more. In steady state, small proportions of HSC are constitutively activated, proliferating and differentiating into mature cells (Cheung and Rando, 2013; Tesio et al., 2015) . In mice, HSC are comprised of CD150 hi and CD150 low cells, and these 2 populations differ in stemness (Beerman et al., 2010) , indicating that HSC are naturally heterogeneous. Although Cd increased percentage of CD150 hi cells of HSC, these cells likely were less competitive relative to CD150 low HSC when transplanted into a normal niche, thus eventually causing a balanced ratio of CD150 low and CD150 hi cells comparable to normal mice in the context of activation and proliferation. The outcome was that the function of HSC impaired by Cd was recovered when transplanted into the normal niche. Of note, HSC by Cd exposure regained regular function by residing in a normal niche in the absence of Cd or by casin treatment. Cd has a long half-life in human body, thus unlikely absolutely eliminating Cd from the body in a short period (Godt et al., 2006; Ishizaki et al., 2015) . Therefore, although theoretically HSC impairment by Cd could be recovered by casin treatment or transplantation into the normal niche, the complete recovery of HSC during Cd exposure is less likely to occur naturally in vivo due to the long-term existing of Cd in the BM. However, casin plus displacing Cd treatments might help to reverse the hematopoietic damages by Cd. At present, Cd is detectable for most humans, and therefore Cd pollution in the environment is one of the most serious problems for public health. The findings in this study might be helpful for the prevention and treatment of Cd toxicity. Of note, the blood Cd concentration of mice used in this study was slightly higher but still comparable to that of general population, making it possible that the Cd influences on HSC likely occur in a large number of humans. This study puts forward a new warning to the public that environmentally relevant Cd exposure might have significantly impaired HSC function in general population, which was a previously unrecognized toxicity of Cd; also, this work will benefit the future risk assessment of Cd on humans. Moreover, our study also suggests that casin might be helpful for treating HSC impairment by Cd exposure.
In conclusion, we found that environmentally related Cd exposure impaired HSC potential for lymphopoiesis in the BM of mice via activation of noncanonical Wnt signaling pathway, and this effect was likely through direct interaction of Cd with HSC.
